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CHAPTER IV 
THE SYNTHESIS OF ENANTIOMERICALLY PURE 
DECALINES AND HEXAHYDROINDANES 
The Diels-Alder reactions of 5-menthyloxy-2(5H)-furanone (a) with a number of 
simple dienes, like substituted butadienes and cyclopentadiene, were described in 
Chapter 11. We have shown that enantiomerically pure substituted cyclohexenes and 
norbornenes, with up to four new stereogenic centers, are readily obtained in this way. 
This chapter deals with the synthesis of substituted decalines and hexahydroindanes. 
Furthermore, the Diels-Alder additions of 5-menthyloxy-2(5H)-furanone to activated 
dienes to produce enantiomerically pure substituted cyclohexanones, will be discussed. 
The fact that these ring systems are found in numerous bioactive substances formed 
our main reason to develop efficient methodology for the preparation of optically 
active substituted 5,6- and 6,6-alicyclic compounds. The drimanes, for example, form 
an important class of natural decalines. Two examples, poligodial (Q) and 









Several sesquiterpenesl of the drimane class have recently attracted interest because 
of their important biological activity including insect antifeedant: plant growth 
regulation: cytotoxic,4 ant i f~ngal ,~  mollu~cicidal,~ and anticomplementa17 
properties. Optically pure decalines and hexahydroindanes may also form interesting 
building blocks for the construction of the AB or CD rings of a steroid, for example 
progesterone (4.3). 
The diterpenoids of the labdane class form an other interesting group of decaline type 
natural products. Two examples of this class of compounds are grindelic acid8 (4.4) 
and forskolin9 (4.5) (see Figure 4.2). 
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The latter compound has been the subject of intense medical and chemical interest 
because of its considerable therapeutic potential, e.g. a pronounced antihypertensive 
(blood pressure lowering) activity is observed. Also compactinlo (4.6) has been the 
subject of an increasing number of synthetic efforts, as it has been shown to lower the 
serum cholesterol levels. Therefore this compound may serve as an important tool in 
the prevention and treatment of coronary artery diseases. 
4.2 Tho synthesis of hydroindanes and decalines 
Among the many approaches to synthesize optically active hydroindane and decaline 
systems, the proline-catalyzed asymmetric aldol cyclization (Hajos-Parrish reaction) 
has been highly successful.1'~12 It was found that the triketone 4.9 could be 
converted, with a catalytic amount (3% molar equiv.) of (S)-(-)-proline, to optically 
active bicyclic diketone (+)-a in 100% chemical and 93.4% optical yield. 
Scheme 4.1 
For the corresponding decaline system the chemical yield was 71%, and the optical 
yield was 70%.13 Other attractive routes to the decalines are the intramolecular 
Diels-Alder reaction14 or the intermolecular Diels-Alder reaction." 
Our approach to these decaline and hydrindane skeletons is based on intermolecular 
Diels-Alder reactions of (5R)-5-(l-menthy1oxy)- or (SS)-5-(d-menthyloxy)-2(5H)- 
furanone with l-ethenylcyclohexenes and l-ethenylcyclopentenes. These reactions have 
the possibility to furnish in a single operation enantiomerically pure decalines 4.11 and 
indanes 4.12 (See Figure 4.3) with up to four new stereogenic centers. 
Figure 4.3 
43 Reactions of (SR)-5-(l-menthyloxy)-2(5H)-furanone with 1-ethenylcyclohexene, 
1-ethenylcylopentene and 1,2-bh(methylene)cycloirexc1ne 
4.3.1 The synthesis of the dienes 
For the synthesis of 1,Zsubstituted decalines and hexahydroindanes, l-ethenyl- 
cyclopentene (4.17) and l-ethenylcyclohexene (4.18) were required. These compounds 
were prepared in high yields in a two step procedure by reaction of vinylmagnesium 
bromide with cyclopentanone (4.13) or cyclohexanone (m), respectively, followed by 
dehydration of the alcohols 4.15 and 4.16?6 The elimination of water was effected by 
distillation from KHSO, at 180 "C. Dienes 4.17 and 4.18 were isomerically pure as 
determined by 'H NMR. 
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Scheme 4.2 
By employing 1,2-bis(methylene)cyclohexane (4.23) as a diene in the Diels-Alder 
reactions 2,3-disubstituted-9,lO-dehydrodecalines can be formed. The synthesis of 1,2- 
bis(methylene)cyclohexane (4.23)'' starts from commercially available cis-cyclo- 
hexane-1,2-dicarboxylic acid (4.19'). 
0 0 
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Hexamethylphosphorous triamide was used for the one step conversion of the cis-di- 
acid 4.19 to the diamide 4.20 in 91% yield. Product 4.20 could be used in the next 
reaction step without purification. The advantage of this method is that no anhydride 
is formed, which is a potential side reaction in an alternative route via the 
corresponding diacid chloride of 4.19 and dimethylamine. Reduction of diamide 4.20 
with lithium aluminum hydride afforded amine 4.21 in 80% yield. Subsequent treat- 
ment of amine 4.21 with hydrogen peroxide yielded the amine oxide 4.22, which was 
pyrolized to produce the desired diene 4.23.' Unfortunately, the yield in this last 
reaction step was only 10%. The reason for this low yield might be an incomplete 
oxidation of diamine 4.21 or insufficient cooling of the pyrolysate during the pyrolysis 
of 4.22. Furthermore, a part of diene 4.23 polymerizes during the synthesis. 
4.3.2 The Diels-Alder reactions 
When 1-ethenylcyclopentene (u) and 1-ethenylcyclohexene (4.18) were allowed to 
react with 5-menthyloxy-2(5H)-furanone (4.24) at 120 OC, pure Diels-Alder adducts 
4.25 and 4.26 were obtained in 77% and 70% yield, respectively, as crystalline 
-
compounds. Again singlets were observed for the acetal hydrogens in the 'H NMR 
spectra of 4.25 and 4.26. This means that also in these cases the addition of the dienes 
4.17 and 4.18 has taken place from the less hindered side of furanone 4.24, i.e. trans 
-










The regioselectiviity of the cycloaddition was established by 2D COSY 'H NMR 
analysis of the racemic methoxy compound 4.27. prepared from racemic 5-methoxy- 
2(5H)-furanone and l-ethenylcyclohexene (4.18). From the COSY spectrum it was 
deduced that the cycloadduct possesses the configuration as depicted in Figure 4.4. 
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For compound 4.26 the same regioselectivity is expected on basis of identical 
behaviour of 4.24 and 5-methoxy-2(5H)-furanone. The assignment was made on the 
basis of the 1,4 relationship established between the vinylic hydrogen (H,) and the 
acetal hydrogen (H,). The high regioselectivity of the cycloaddition is mainly 
attributed to steric effects as the polarization of the diene is expected to be small. The 
steric interactions between the menthyloxy substituent of 4.24 and the cyclohexene 
ring of 4.18 are minimal in the case of situation A leading to 4.26, wereas in the case 
of situation B the steric interactions are less favorable for the cycloaddition reaction 
(see Figure 4.5). 
Figure 4.5 ! ! 
The absense of proton-proton coupling (J < 1 Hz) for the acetal hydrogen (HI) and 
the coupling constants for the hydrogen atom next to the carbonyl functionality 
confirms the allxi3 relationship of the hydrogen atoms and the menthyloxy substituent 
at the stereogenic centers of compounds 4.25 and 4.26. This is in complete agreement 
with a trans and endo-selective cycloaddition of 1-ethenylcyclohexene (4.18) and 
1-ethenylcyclopentene (4.17) relative to the menthyloxy substituent of 4.24, as was 
expected on the basis of the results we had obtained so far. Such allci3 relationship at 
the newly created stereogenic centers in 2,3-disubstituted decalines, as the result of an 
endo selective cycloaddition, was also observed by Cook and Lawrence in the reaction 
of maleic anhydride with 1-ethenylcyclohexene (a)'' Furthermore, the coupling 
constants of cycloadduct 4.26 were in agreement with those of the maleic anhydride 
and N-phenylmaleimid adducts of 4.18. (For comparable results see also Section 4.7, 
Figure 4.7). 
1,2-Bis(methylene)cyclohexane (m), dissolved in benzene, was allowed to react with 
(5R)-5-(1-menthy1oxy)-2(5H)-furanone (4.24) for 42 h in a sealed tube at 100 "C. The 
2,3-disubstituted-9,lO-dehydrodecaline 4.28 was isolated in 51% yield as a single 
enantiomer, since we have started with enantiomerically pure furanone 4.24 and no 
epimerization was observed by 'H NMR during the reaction. The addition of diene 
4.23 to (5R)-5-(1-menthy1oxy)-2(5H)-furanone (4.24) results in the formation of two 
-
new stereogenic centers and takes place trans to the menthyloxy substituent as was 
deduced from the singlet observed for the acetal hydrogen in the 300 MHz 'H NMR 
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Scheme 4.5 
4.4 Reactions of 5-menthylary-2(5H)-furanone with achchvated ienes 
The Diels-Alder reactions of (SR)-5(l-menthyloxy)-2(5H)-furanone with more activa- 
ted dienes, in this case silyl dienol ethers, were next examined. In a normal Diels- 
Alder reaction the addition of an electron-donating substituent will raise the HOMO 
of the diene, and thus results in a diminished energy gap with the LUMO of the 
dienophile, in our case furanone 4.24. Apart from an acceleration of the reaction, a 
further advantage of alkoxy substituted dienes is the high regioselectivity obtained in 
Diels-Alder reactions. We were interested in these silyloxy substituted dienes as they 
open the possibilities for synthesizing enantiomerically pure polycycles with four new 
stereogenic centers, which can be introduced in a one pot reaction sequence (see 
Section 4.6). 
"Danishefsws diene", 1-methoxy-3-trimethylsilyloxy-1,3-butadiene (4.32)20 (Scheme 
4.6), which has been used with great success in the synthesis of numerous natural 
productsz1 is known to combine high reactivity with high regioselectivity. The cyclo- 
addition reaction with 4.32 furnishes highly functionalized products, which open the 
possibility of introducing additional stereogenic centers and functional groups. The 
advantage of using silyl dienol ethers is the fact that the Diels-Alder adduct can be 
hydrolyzed under extremely mild conditions. With 2-alkoxy-1,3-butadienes, such as 2- 
ethoxy-1,3-butadiene" more drastic conditions, like strong acids, have to be used to 
hydrolyze the en01 ether of the cycloadduct, and this may result in undesired side 
reactions. 
We began with the Diels-Alder reaction of 5-menthyloxy-2(5H)-furanone (4.24) with 
2-trimethylsilyloxy-l,3-butadiene23 (u). Both compounds were allowed to react at 
120 "C in d ~ y  toluene. After treating the resulting silyl en01 ether 4.30 with tetra- 
butylammonium fluoride in diethyl ether, the 3,4-disubstituted cyclohexanone 4.31 was 
obtained as a single isomer in 66% yield. Only one signal was observed for the acetal 
hydrogen in the 300 MHz 'H NMR spectrum of 4.31 meaning that the cycloaddition 
reaction had taken place with complete T-face- and regioselectivity. Again the 
addition of the diene has taken place trans to the menthyloxy substituent of furanone 
4.24, as was deduced from the singlet observed for the acetal hydrogen of 4.31. The 
-
high regioselectivity observed for this reaction is not unexpected considering the 
HOMO of the diene. 
+ + 4  toluene. 16h. 100% 120'C
___) 66% 
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Scheme 4.6 
Although the Diels-Alder reaction of 4.29 provided a single diastereoisomer, two 
diastereomeric adducts were obtained in 77% yield and a 2:l ratio ('H NMR) with 
Danishefsky's diene 4.32." As diene 4.32 possesses the same polarization as 
2-trimethylsilyloxy-1,3-butadiene (4.29) it is expected that in this reaction again only 
one regioisomer is formed. After hydrolysis of silyl en01 ether 4.33 with tetrabutyl- 
ammonium fluoride product 4.34was isolated as a mixture of two diastereoisomers. 
The 'H NMR spectrum of 4.34 showed that only a trans-addition of diene 4.32 
relative to the menthyloxy substituent of the furanone ring 4.24 had taken place, as 
was deduced from the coupling constants of the acetal hydrogens (J = 0 Hz and 4.0 
Hz). Thus, the hydrogen atoms H, and H, possess a tram relationship towards Ha at 
the acetal center. Therefore, the only conclusion can be that both diastereoisomers of 
4.34 are epimeric at the carbon atom bearing the MeO-substituent. The two 
-
diastereoisomers are, therefore, most likely the result of a combined endo and exo 
addition of 4.32 on to 5-menthyloxy-2(5H)-furanone (4.24). Both epimers were easily 
separated by means of flash chromatography, yielding the major isomer as an oil and 
the minor isomer as a crystalline compound. The assigment of the absolute stereo- 
chemistry was based on the X-ray structure of 4.34 (see Section 4.5). 
Various attempts to eliminate the MeO-substituent of 4.34 were undertaken as this 
would yield disubstituted tr,B-unsaturated cyclohexenone 4.35 in enantiomerically pure 
form. This compound is of particular interest as a chiral building block, for it opens a 
variety of synthetic possibilities like 1,2- or 1,Cadditions and alkylations at the 
a-position relative to the ketone. However, treatment of Diels-Alder adduct 4.34 with 
0.05 N HCl in THF, or trifluoroacetic acid in CH,CI,, did not yield product 4.35. 
Heating compound 4.34 for 2 h at 150 "C gave the equally negative result. 
Comparable results were found by Danishefsky et ~ 1 . ~ '  in reactions of trans-1- 
methoxy-3-trimethylsilyloxy-1,3-butadiene (4.32) with maleic anhydride (4.36) (Scheme 
4.7) and tram-methylcrotonate (4.39) (Scheme 4.8). The addition product 4.37 gave 
after work-up (THFJO.005 N HCl 4:l) only the starting material as there was no 
indication of the formation of enone 4.38. 
4 . 3 2  4 . 3 6  
- -
Scheme 4.7 
The Diels-Alder reaction of 4.32 with tram-methyl crotonate (4.39) afforded upon 
chromatography a 2:l mixture of the epimeric adducts 4.40 and 4.41. Only in the case 
of 4.41. with the methoxy group in an axial position, methanol could be eliminated by 
treating the Diels-Alder adduct with 0.005 N HCl, yielding the enone 4.43. Under 
these conditions the equatorial methoxy group in 4.40 and 4.42 was not eliminated. 
(Scheme 4.8). 
Danishefsky has shown that the B-methoxy ketones generally are not converted to 
enones under acidic hydrolysis conditions. He also noted that the hydrolytic fate of the 
adducts was influenced by the nature of the substituents of the cycloadduct and their 
stereochemical relationship to the methoxy substituent. 
The problem of hydrolysis was very recently circumvented by ~ o r n d a m , ~  by employ- 
ing a catalytic amount of trimethylsilyl triflate (TMSOTf) instead of acid hydrolysis. 
Treating the Diels-Alder adduct of Danishefsky's diene (4.32) and maleic anhydride 
(4.36) with TMSOTf afforded the enone 4.38 in 98% yield. The use of TMSOTf might 
offer resolution of the problem of conversion of 4.33 to 4.35. However, we have not 
examined this point. 
Me0 t + toluene OMe l l O ' C ,  54h Me b Ne,SIO Ne 
OSiMe) 
4.40 2 : l  - 4.41 
THF/O.OOSN HC1 1 Ih,  RT, 30% 
Scheme 4.8 
To distinguish which isomer of 4.34 was the result of an endo-attack of (5R)-5- 
(I-menthy1oxy)-2(5H)-furanone (a) to Danishefsky's diene 4.32. an X-ray structure 
was determined of one of the two isomers. The minor isomer of 4.34 could be 
crystallized from n-hexane to yield crystals suitable for an X-ray analysis. Compound 
4.34 crystallized in the monoclinic space group P2, with unit cell dimensions a = 
-
5.663(1) A b = 11.235(1) c = 15.193(1) A 13 = 91.660(1)" and two molecules in 
each unit cell. The data collection was performed at 293K The crystal structure of 
compound 4.34 is depicted in Figure 4.6. The X-ray structure was based on the abso- 
lute configuration of I-menthol. Bond distances and bond angles are listed in Tables 
4.1 and 4.2 (the hydrogen atoms are omitted for clarity). The structure shows, that this 
isomer is the result of an endo-attack of Danishefsky's diene 4.32 to 5-menthyloxy- 
2(5H)-furanone (m), since the methoxy substituent of 4.34 is in an endo-position, 
and the hydrogen atoms at C,, C5 and Cg are in a cis relationship to each other. 
Figure 4.6: Pluto plot of 4.34 
Table 4.1: Bond distances for 434 in Angstrlims.* 
Atom1 Atom2 Distance Atom1 Atom2 Distance 
0 3  C2 1.333(9) C6 C7 1.517(10) 
0 3  C4 1.450(8) (=7 C8 1.500(11) 
010 C9 1.425(8) CS C9 1.527(10) 
010 C l l  1.429(10) ClS C16 1.532(10) 
012 C7 1.178(10) ClS C20 1.522(10) 
013 C2 1.205(10) C16 C17 1.566(11) 
014 C4 1.387(8) C16 C21 1.548(11) 
014 C15 1.451(8) C17 C18 1.523(12) 
Cl C2 1.532(9) Cl8 C19 1.521(12) 
Cl C5 1.546(9) C19 C20 1.556(11) 
Cl C9 1.536(10) C19 C24 1.513(12) 
C4 C5 1.545(8) C21 C22 1.560(12) 
C5 C6 1.526(9) C21 C23 1.514(14) 
Numbers in parentheses are estimated standard deviations in the last significant digits. 
Table 4.2: Bond angles for 434 in de-pes.' 
- - - 
Atom1 Atom2 Atom3 Angle Atom1 Atom2 Atom3 Angle 
Numbers in parentheses are estimated standard deviations in the last significant digits. 
Furthermore, the structure of 4.34 shoks that diene 4.32 added tram to the 
menthyloxy substituent of furanone 4.24 as the hydrogens at C, and C, are in a trans 
position relative to the hydrogen at C,, the acetal center. The observed regioselectivity 
of the addition of diene 4.32 to 4.24 is in accordance with what is expected on basis of 
the HOMO-LUMO interaction between the diene and the furanone dien~phile.'~ 
4.6 DieIs-Alder reactions with I-(I-trimethy~iryr0Xyethenyl)cycloalkenes 
Next, we extended the cycloaddition to 1-(I-trimethylsilyloxyethenyl)cycloalkenes 4.44 
and 4.47 (Scheme 4.9). The silyloxydienes 4.44 and 4.47 were readily obtained from 
the corresponding enonesBb using LDA and trimethylsilyl chloride in T H F . ~ ~  
Reaction of these dienes with (5R)-5-(1-menthy1oxy)-2(5H)-furanone afforded the 
expected tricyclic adducts. In situ hydrolysis of the resulting silyl en01 ethers 4.45 and 
4.48 at -80 "C with CsF in wet acetonitrile or tetrabutylammonium fluoride in THF 
-
gave enantiomerically pure 4.46 and 4.49 (80% and 70% overall yield, respectively) 
(Scheme 4.9). 
As judged from 'H NMR and 13C NMR only one isomer had been formed in both 
cases. This means that four new stereogenic centers can be introduced in a one pot 
operation in a completely controlled way. The 'H NMR spectrum indicated the trans 
relationship between H, and the acetal hydrogen ( J = 0.9 Hz for 4.46 and J = 4.5 
Hz for 4.491, which is in accordance with an endo-selective addition. 
1OO'C on* (n-Bu),NE, THE 
-8O'C. 7 0 2  
OM* 
OSiMe, 
4.47 4.24 4.48 0SiHe3 
- - 4.490 
Scheme 4.9 
Fukumoto et ~ 1 . ~ '  also reported complete endo-selectivity with a related system, which 
concerned the cycloaddition reaction between 1-(1-t-butyldimethylsilyloxyethenyl)cyclo- 
hexene and maleic anhydride. However, from the 'H NMR spectra of 4.46 and 4.49 it 
was not clear at which T-face of the en01 moiety the protonation of 4.45 and 4.48 had 
taken place. This means that the hydroindanone 4.46 and the decalinone 4.49 could 
have a ck- or a trans ring fusion. For 1-decalone it is known that the trans fused 
isomer is more stable than the corresponding ck isomer as the first compound 
possesses no gauche interactions. Also the trans-~n-trans-perhydro-9-phenantrone 
ringsystem is more stable than the ck-syn-ck isomer.29 
4.7 The X-ray structure of 4.49 
The absolute configuration of 4.46 and 4.49 was established by means of a single 
crystal X-ray analysis. Proper crystals of 4.46 and 4.49. suitable for an X-ray analysis, 
were obtained by crystallizing both compounds from petroleum ether 40-60 by slow 
evaporation of the solvent. Compound 4.49 crystallized in the monoclinic space group 
P2, (Z=2), with unit cell dimensions a = 5.817(2) A b = 11.784(2) A c = 15.034(2) 
A and fl = %.78(1)'. The position of the hydrogen atoms was revealed from 
succeeding Fourier difference maps. The crystal structure of 4.49 is depicted in Figure 
4.7. Bond distances and bond angles are listed in Table 4.3 and 4.4. The indicated 
absolute configuration in the X-ray structure is based on the known absolute 
configuration of the I-menthol segment. 
Figure 4.7: PLUTO plot of 4.49 
Table 43: Bond distances for 4A9 in Angstr&ns.* 
Atom1 Atom2 Distance Atom1 Atom2 Distance 
- 
0 3  C2 1.360(4) C8 C13 1.534(6) 
0 3  C4 1.457(4) C9 ClO 1.539(7) 
014 C2 1.190(5) ClO Cl l  1.528(7) 
015 C7 l.Un(6) Cl l  C12 1.527(7) 
016 CQ 1.392(5) C12 C13 1.536(6) 
016 C17 1.450(5) C17 C18 1.518(6) 
Cl C2 1.530(5) C17 C22 1.519(6) 
Cl C5 1.531(5) C18 C19 1.546(6) 
Cl C13 1.523(6) C18 C24 1.550(6) 
CQ C5 1.527(5) C19 C20 1528(6) 
CS C6 1.536(6) C20 C21 1.517(6) 
C6 C7 1.512(6) ~ 2 1  ~ 2 2  1.538(6) 
C7 C8 1.541(6) C21 C23 1.524(7) 
C8 C9 1.557(6) C24 C25 1.528(6) 
C24 C26 1.519(6) 
Numbers in parentheses are estimated standard deviations in the least significant digits. 
As we have started with diastereomerically pure (5R)-5-(1-menthy1oxy)-2(5H)-furanone 
(4.24) and no epimerization took place during the addition reaction, the absolute 
configuration at the acetal center is still R. 
Table 4.4: Bond angles for 4.49 in degrees.* 
Atom1 Atom2 Atom3 Angle Atom1 Atom2 Atom3 Angle 
C2 0 3  C4 109.9(3) C9 C10 C11 112.5(4) 
C4 016 C17 114.3(3) C10 C11 C12 110.6(4) 
C2 C1 c5 102.7(3) C11 C12 C13 110.3(4) 
C2 C1 C13 119.9(3) C1 C13 C8 113.7(4) 
C5 C1 C13 115.9(3) C1 C13 C12 114.0(4) 
0 3  C2 014 121.0(4) C8 C13 C12 109.2(3) 
0 3  C2 C1 109.8(3) 016 C17 C18 107.0(3) 
014 C2 C1 129.2(4) 016 C17 C22 109.4(3) 
0 3  CQ 016 110.0(3) C18 C17 C22 112.4(3) 
0 3  CQ c5 104.9(3) C17 C18 C19 108.7(3) 
016 C4 C5 108.9(3) C17 C18 C24 112.5(3) 
C1 C5 C4 102.1(3) C19 C18 C24 114.1(3) 
C1 C5 C6 112.4(3) C18 C19 Cu3 112.2(4) 
Gl C5 C6 109.7(3) C19 C20 C21 111.5(3) 
C 5 C 6 C 7  110.0(3) C20 C21 C22 109.2(4) 
015 C7 C6 122.3(4) C2Q C21 Cu 113.2(4) 
015 C7 Cg 126.1(4) C22 C21 C23 110.2(4) 
C6 C7 C8 111.6(4) C17 C22 C21 112.1(3) 
C7 C8 C9 110.1(4) C18 C24 C25 113.7(4) 
C7 C8 C13 108.5(3) Cl8 C24 C26 111.8(3) 
C9 C8 C13 111.5(4) C25 C24 C26 110.5(4) 
C8 C9 C10 109.5(4) 
- - -  - 
Numbers in parentheses are estimated standard deviations in the least significant digits. 
As expected the addition of the diene had occurred trans relative to the menthyloxy 
substituent of 4.24 as can be concluded from the trans relationship between the 
hydrogen atoms at C, and C,.It was deduced from this X-ray structure that the 
regioselective addition of silyl en01 ether 4.47 is in accordance with expectations based 
on the HOMO-LUMO interactions between 1-(1-trimethylsilyloxyethenyl)cyclo- 
h e ~ e n e ~ ~  (4.47) and furanone 4.24. Furthermore, as the hydrogen atoms at C,, C, and 
C,, are in an a l l 4  relationship it means that the addition of the diene has also taken 
place in an endo selective manner. The hydrolysis of the silyl en01 ether resulted in 
the formation of the trans fused decalone 4.49 as the hydrogens at C, and C,, possess 
a trans relationship. For compound 4.46, the molecular structure determined by X-ray 
analysis showed the same absolute configuration of the new created stereogenic 
centers as for 4.49. No refinements of the X-ray structure were performed in this case. 
Again, a regioselective endo attack of diene 4.44 had taken place, and after hydrolysis 
of the en01 ether 4.45 with CsF a trans fused 5,6-ring system was formed. It is 
remarkable that under kinetically controlled conditions the trans fused products are 
formed. Perhaps this is a results of the annulated lactone moiety, but at this moment 
the reason for these results are still unclear. 
4.8 Conclusions 
In this Chapter we have shown that disubstituted decalines and hydrindanes are 
readily available in good to high yields via intermolecular Diels-Alder reactions with 
5-menthyloxy-2(5H)-furanone. These reactions proceed with complete trans diastereo- 
selectivity, regioselectiviity and endoselectivity. By using silyl dienol ethers, like 
Danishefsky's diene, enantiomerically pure di- and trisubstituted cyclohexanones were 
synthesized in good yields and with complete regioselectivity and diastereoselectivity. 
Furthermore, our results show that in a 'one pot' procedure enantiomerically pure 
substituted decalones and hydrindanones with four consecutive new stereogenic 
centers can be generated in high yield. 
4.9 Experimental section 
For general remarks, see Chapter 2, Section 2.4. Dienes 4.17 and 4.18 were 
synthesized according to literature procedures?6 
[3R-[3a (IR*,2S*,SR*),3aa,8a(u,8b(u]]-3,3a,4,6, 7 8 8a,8b-Octahydro-3-[[S-methyl-2- (I- 
nrethylehyl)@hexyl]oxy]-IH-inde1~)[4,5-~Ufrran-l-0ne (4.25) 
A mixture of (SR)-5-(l-rnenthyloxy)-2(5H)-furanone (4.24) (4.00 g, 16.8 mmol), 
1-ethenylcyclopentene (4.17) (4.46 g, 48.5 mmol) and a few milligrams of 
hydroquinone was heated at 120 OC for 2 days. After cooling to room temperature dry 
acetone was added and some polymeric material was removed by filtration. The 
product was purified by precipitation from acetone at -80 "C yielding a colorless oil 
(4.28 g, 77%) which solidified upon standing at room temperature. Mp 82.2-83.6 "C; 
[uIaOD -129.0" (C 1.000, CH2C12); 'H NMR (CDCI, 300 MHz): S 0.67-1.00 (m, 12H), 
1.13 (m, lH), 1.28 (m, lH), 1.52 (m, 3H), 1.72 (m, lH), 1.85 (m, lH), 2.02 (m, 3H), 
2.18 (m, 4H), 2.36 (m, lH), 2.56 (m, lH), 3.11 (t, J = 8 Hz, lH), 3.40 (m, lH), 5.12 
(s, lH), 5.43 (m, 1H); 13C NMR (CDCI,): 6 15.30 (q), 20.67 (q), 21.98 (q), 22.78 (t), 
24.82 (t), 25.13 (d), 25.22 (t), 27.54 (t), 30.84 (t), 31.05 (d),.34.04 (t), 38.10 (d), 39.59 
(t), 40.75 (d), 40.91 (d), 47.47 (d), 76.16 (d), 104.39 (d), 114.31 (d), 146.42 (s), 176.39 
(s); HRMS calcd 332.235, found 332.236; Anal. Calcd for ~ l H 3 2 0 3 :  C, 75.86; H, 9.70. 
Found: C, 75.75; H, 9.61. 
[3R-[3a(lR*,2S*,5R*),3a(u,9aa,9ba]]-3a,4,6,7,8,9,9a,9b-0ctahydro-3-[[5-methyl-2-(l- 
nrethyhthyl)@hexylJoxy]-naphto[l,2~n-l(3H)-one (a 
A mixture of (SR)-5-(l-rnenthyloxy)-2(5H)-furanone (4.24) (0.50 g, 2.10 mmol) and 
1-ethenylcyclohexene (4.18) (0.34 g, 3.15 mmol) was heated at 120 OC for 3 days. After 
the reaction mixture was cooled to room temperature, acetone was added and the 
insoluble material was removed by fitration. After evaporation of the solvent in vacuo 
the product was crystallized from petroleum-ether 40-60 yielding 4.26 (0.51 g, 70%) as 
a white solid. Mp 126.5-127.5 OC; [a]\ -175.7" (c 1.000, CH2C12); 'H NMR (CDCI, 
300 MHz): S 0.73-1.05 (m, 12H), 1.15-1.41 (m, 4H), 1.56-1.78 (m, 2H), 1.78-2.19 (m, 
6H), 2.22 (m, 2H), 2.38 (m, 2H), 3.04 (t, J = 8.0 Hz, lH), 3.47 (dt, J = 4.3, 10.7 Hz, 
lH), 5.18 (d, J = 2.7 Hz, lH), 5.28 (m, 1H); 13C NMR (CDCI,): S 15.22 (q), 20.60 
(q), 21.90 (q), 22.68 (t), 22.75 (t), 25.10 (d), 26.52 (t), 26.98 (t), 29.73 (t), 30.99 (d), 
33.97 (t), 34.69 (d), 35.28 (t), 39.04 (d), 39.55 (t), 39.95 (d), 47.46 (d), 76.47 (d), 
102.24 (d), 115.27 (d), 138.90 (s), 175.38 (s); HRMS calcd 346.251, found 346.249; 
Anal. Calcd for &HMO,: C, 76.26; H, 9.89. Found: C, 76.32; H, 9.91. 
cis-Nflflfl-Teh.amethyr-I,2&heurnediCarbomm~ (m 
Starting from cis-1,2-cyclohexanedicarboxylic acid (a) (20.36 g, 0.12 mol) the 
corresponding amide a was synthesized according to the literature procedure. 
Yield: 24.18 g (91%) (lit.17 88%). Mp 76.0-77.6 "C (lit? 74-75 "C). 
c k - N J ~ ' ~ - T e ~ a m e t h y l - 1 , 2 - c y c l o h e x e  ( 4 2  
A solution of diamide 4.20 (26.6 g, 0.118 mol) in dry THF (140 mL) was stirred under 
a nitrogen atmosphere. Lithium aluminum hydride (5.90 g, 0.16 mol) was added in 
portions and the solution was refluxed for 1 h. After the addition of water (6 mL), 
15% NaOH (6 mL) and again water (18 mL) the resulting slurry was filtered by 
suction over a sintered glas filter. After evaporation of the solvent the product 4.21 
(18.79 g, 80%) was obtained as a slightly yellow oil. The spectroscopic data were in 
complete agreement with those reported in the literature.17 
1,2-Bk(methylene)cyclohexane (m 
Diamine 4.21 (18.7 g, 94.3 mmol) was dissolved in methanol (32 mL) and cooled to 0 
OC. Hydrogen peroxide (21 mL of 30% aqueous solution) was added. The same 
amount of H20, was added after 3h and 5h successively. After stirring for 36 h at 
room temperature the solution was worked up according to the literature procedure,17 
yielding 4.22 as a highly viscous oil. Diene 4.23 was generated by pyrolysis of 
bis(amine-N-oxide) 4.22 using an oil both at 150-170 "C (100 mm Hg). Diene 4.23 was 
passed through a water-cooled condenser and then collected in a liquid nitrogen 
cooled vacuum trap. Water was added to the pyrolysate and the two layers were 
separated. The upper layer of the diene was washed with water and dried over 
anhydrous K2C03 followed by 4A sieves. The yield of 4.23 was 10% based on 
bisamine 4.21 (lit.17 73%). 
[3R-[3a(1R*,2S*,5R*),3ao1,9aa]]-3a,4,6,7,8,9,9a-Octahydro-3-[[5-methyl-2-(1- 
methylithyl)@hexyf]owy 1-naphto[2,3+- (3H)-one (M 
In a sealed tube at 80 OC were heated a mixture of (SR)-5-(l-menthyloxy)-2(5H)- 
furanone (4.24) (0.51 g, 2.14 mmol) and 1,2-bis(methy1ene)cyclohexane (m) (0.26 g, 
2.40 mmol) in dry benzene (10 mL) for 18 h. Because no complete conversion had 
occurred a second amount of diene 4.23 (0.90 g, 8.33 mmol) was added and heating 
was continued for another 24 h at 100 "C. After the solvent had been removed in 
vacuo the volatile material was removed by heating in a kugelrohr apparatus (140 "C, 
0.15 mm Hg). The brown residue was dissolved in n-hexane and the insoluble material 
was removed by filtration. After evaporation of the solvent the product was purified 
by crystallization from pentane yielding 4.28 (0.38 g, 51%) as a white solid. Mp 
112.4-113.8 "C; [aim, -218.0" (c 0.986, diethyl ether); 'H NMR (CDCI,, 300 MHz): S 
0.72-1.20 (m, 12H), 1.20 (m, lH), 1.36 (m, lH), 1.45-1.93 (m, 12H), 1.96-2.38 (m, 4H), 
2.45 (q, J = 8.0Hz, lH), 3.03 (dd, J = 1.9, 8.0 Hz, lH), 3.48(dt, J = 4.1, 10.5 Hz, 
lH), 5.13 (s, 1H); 13C NMR (CDCI,): 6 15.43 (q), 20.83 (q), 22.14 (q), 22.81 (2 x t), 
22.94 (t), 25.41 (d), 26.87 (t), 28.89 (t), 29.80 (t), 30.29 (t), 31.24 (d), 34.20 (t), 36.36 
(d), 38.62 (d), 39.66 (t), 47.69 (d), 76.29 (d), 103.57 (d), 125.33 (s), 126.68 (s), 178.90 
(s); HRMS calcd 346.251, found 346.250; Anal. Calcd for CzzH,03: C, 76.26; H, 9.89. 
Found: C, 76.42; H, 9.85. 
[3R-[3a(IR*,2S*,SR*),3aa, 7ac~]]-Tetrahydm-3-[[S-methyl-2- (I methylethyl) -cyclohexyl]- 
q]-1,5(3H,4H)-isobewfurandione (m 
A solution of (5R)-5-(I-menthy1oxy)-2(5H)-furanone (4.24) (2.60 g, 10.9 mmol) and 
silyloxydiene (3.78 g, 26.7 mmol) in dry toluene (2 mL) was heated in sealed 
tube for 16 h at 120 "C. After evaporation of the solvent under reduced pressure, the 
crude product 4.30 was obtained as an oil in 100% yield. IR: neat, cm-': 1780 (C=O), 
1260 (C-0), 1195, 1105 (Si-0); 'H NMR (CDCI,, 300 MHz): 6 0.05 (s, 9H), 0.71 (d, J 
= 6.6Hz.3H), 0.81 (d, .I = 7.0Hz, 3H),0.88(d, J = 7.0Hz, 3H),0.60-1.05 (m,3H), 
1.09-1.20 (m, lH), 1.32-1.40 (m, lH), 1.67 (m, 2H), 1.73-2.65 (m, 7H), 2.95 (dt, J = 
1.8, 7.1 Hz, lH), 3.45 (dt, J = 4.4, 10.6 Hz, lH), 4.70 (br.s, lH), 5.25 (s, 1H); 13C 
NMR (CDCI,): 6 0.01 (q), 15.33 (q), 20.72 (q), 21.07 (t), 22.04 (q), 22.85 (t), 25.34 
(d), 28.15 (t), 31.15 (d), 34.11 (t), 35.25 (d), 39.53 (d), 39.57 (t), 47.61 (d), 76.28 (d), 
101.20 (d), 103.11 (d), 147.36 (s), 177.98 (s). 
The crude cycloaddition product 4.30 (300 mg, 0.79 mmol) was dissolved in ether (2 
mL). After the addition of tetrabutylammonium fluoride, the solution was stirred for 
30 minutes at room temperature. Two drops of water were added and the resulting 
solution was dried over Na2S0,. After evaporation of the solvent under reduced 
pressure, the product 4.31 (160 mg, 66%) was obtained as a white solid. Analytically 
pure product was obtained by crystallization from n-hexane. Mp 93.1-93.4 "C. IR: 
neat, cm": 1790, 1710 (C=O); 'H NMR (CDCI,, 300 MHz): 6 0.68-1.05 (m, 14H), 
1.10-1.21 (m, lH), 1.27-1.45 (m, 2H), 1.58-1.73 (m, 2H), 1.90-2.90 (m, 5H), 3.10-3.60 
(m, 3H), 5.30 (s, 1H); 13c NMR (CDCI,): 6 15.38 (q), 19.57 (t), 20.73 (q), 22.05 (q), 
22.85 (t), 23.89 (t), 25.40 (d), 31.17 (d), 34.05 (t), 36.88 (d), 37.22 (t), 39.42 (t), 42.01 
(d), 47.52 (d), 76.73 (d), 102.52 (d), 176.99 (s), 208.31 (s); HRMS calcd 308.199, found 
308.200, Anal. calcd for C,,HBO,: C, 70.07; H, 9.15. Found C, 69.84; H, 9.13. 
[3R-[3a(lR*,2S*,SR*),3aa, 7a, 7aa]]-Tetrahydro- 7-methoxy-3-[[5-methyl-2-(I-rnethyl- 
e t h y l ) ~ c l o ~ l ] q ] - I , 5 ( 3 H , 4 H ) - i s o b e ~  and [~R-[~~(IR*,~S,SR*),~U~;~B,- 
7aa]]-tetrahydm-7-methoxy-3-[[S-methyl-2-(I-methylethyl)cyclohexyl]oxy]-I,5(3H,4H)- 
isobenqfumndione (Q# 
A solution of (5R)-5-(I-menthy1oxy)-2(5H)-furanone (4.24) (3.00 g, 12.6 mmol) and 
trans-l-methoxy-3-trimethylsilyloxy-l,3-butadiene (m) (4.44 g, 25.8 mmol) was 
refluxed for 20 h in dry toluene (10 mL) under a nitrogen atmosphere. After 
evaporation of the solvent in vacuo all volatile compounds were removed with a 
kugelrohr apparatus at reduced pressure (100 "C, 0.1 mm Hg). The residue was 
dissolved in acetonitrile (25 mL) and treated with cesium fluoride (3.00 g, 13.2 mmol) 
yielding product 4.34 as a mixture of two diastereoisomers (ratio 21). Both isomers 
were separated by flash chromatography (SiO, diethyl ether). The total yield after 
evaporation of the solvent was 77%. 
Major diastereoisomer ( 7 8 - a )  was obtained as an oil. Bp 200 "C (0.001 mm); [a]% 
-124.5" (c 1.084, CH2C12); 'H NMR (CDCI,, 300 MHz): S 0.71-1.04 (m, 12H), 1.19 (m, 
lH), 1.32 (m, lH), 1.62 (m, W), 2.00 (m, 2H), 2.16 (dd, J = 9.0, 15.5 Hz, lH), 2.38 
(dd, J = 2.9, 15.8 Hz, lH), 2.65 (m, 2H), 2.92 m, lH), 3.35 (m, 1H + s, 3H), 3.48 
(m, lH), 4.18 (q, I = 3.4 Hz, lH), 5.28 (s, IH); ',C NMR (CDCl,): S 15.43 (q), 20.81 
(q), 22.09 (q), 22.91 (t), 25.45 (d), 31.24 (d), 34.11 (t), 39.30 (t), 39.55 (t), 40.86 (d), 
41.93 (t), 42.17 (d), 47.57 (d), 56.45 (q), 76.54 (d), 76.97 (d), 103.49 (d), 174.97 (s), 
205.64 (s); HRMS calcd 338.209, found 338.208; Anal. Calcd for C1@3005: C, 67.43; 
H, 8.93. Found: C, 67.63; H, 8.96. 
Minor diastereoisomer (7a-m) was obtained as a white crystalline compound after 
crystallization from n-hexane. Mp 96.9-97.2 "C; [a120D -199.9" (c 1.000, CH2C12); 'H 
NMR (CDCl,, 300 MHz): S 0.75-1.06 (m, 12H), 1.18 (m, lH), 1.34 (m, lH), 1.62 (m, 
2H), 2.01 (m, lH), 2.12 (m, lH), 2.30 (dd, lH, J = 2.2, 16.9 Hz), 2.54 (m, 2H), 2.80 
(m, ZH), 3.08 (dd, lH, J = 4.0, 10.3 Hz), 3.31 (s, 3H), 3.48 (m, lH), 4.15 (m, lH), 
5.41 (d, lH, J = 4.0 Hz); 13c NMR (CDCl,) 15.58 (q), 20.74 (q), 22.02 (q), 22.87 (t), 
25.16 (d), 31.17 (d), 34.04 (t), 37.77 (t), 39.29 (d), 39.93 (t), 41.22 (t), 45.15 (d), 47.50 
(d), 57.15 (q), 75.92 (d), 78.21 (d), 106.04 (d), 173.71 (s), 206.26 (s); HRMS calcd 
338.208, found 338.209; Anal. Calcd for ClJImO,: C, 67.43; H, 8.93. Found: C, 67.21; 
H, 8.88. 
Crystal structure determination of 4.34 
The single crystal X-ray determination was performed at 293 K with CuK radiation 
( A  = 1.5406 A) on a Nonius CAD4F computer controlled kappa axis diffractometer 
equipped with a graphite monochromator and interfaced to a PDP11123. A suitable 
crystal of the title compound, having approximate dimensions 0.40 x 0.20 x 0.15 mm, 
crystallized from n-hexane in the monoclinic space group P2, with a = 5.663(1) 
b = 11.235(1) A c = 15.193(1) A B = 91.660(1) and V = 966.2 A3. For Z = 2 and 
FW = 338.45 the calculated density is 1.163 gcm- . By using the O - 20  scan mode for 
1" 72", 2171 unique reflections were obtained, a number of 1874 reflections with 
intensities I r 3.0a(I) were used in the refinement. 25 Reflections in the range 36.1" 
5 O 5 54.2" were used to define the unit cell parameters. The structure was partly 
solved by direct methods.30 The remaining atoms could be revealed from succeeding 
difference Fourier synthesis. Block-diagonal least-squares of F, with unit weights, 
converged to a final R = 0.069 and wR = 0.076 respectively, using anisotro ic 
temperature factors for the non H-atoms and isotropic thermal parameters (5.0 1') 
for the H-atoms. In the final refinements the H-atoms were riding on their 
corresponding atoms at a distance of 0.96 A. 
[3R-[3ru(IR*,2S*,5R*),3a(u,5aB,8a(u,8b(u]]-Octahydro-3-[[5-methyl-2-(l-methylethyl)cyclo- 
heryl]ary]-lH-in&n0[4,5-c~mn-l,5(3H)-dwne (4.46) 
A mixture of (5R)-5-(1-menthy1oxy)-2(5H)-furanone (4.24) (4.01 g, 16.8 mmol), diene 
4.44 (4.59 g, 25.2 mmol) and a few milligrams of hydroquinone was heated at 100 "C 
-
for 3 days. After evaporation of the solvent in vacuo and removal of the volatile 
compounds (130 "C, 0.002 mm Hg) the crude product 4.45 (6.50 g, 92%) was obtained 
as an oil. This product was used in the next reaction step without further purification. 
Crude product (650 mg, 1.55 mmol) was dissolved in THF (20 mL) and cooled to -80 
"C. Tetrabutylammonium fluoride (732 mg, 2.32 mmol), dissolved in a few milliliters 
of THF, was added. After stirring for 30 minutes at -80 "C, water was added and the 
resulting solution was extracted 3 x with diethyl ether. The combined organic layers 
were dried over Na2S0,. After evaporation of the solvent in vacuo the residue was 
purified by chromatography using a chromatotron (SiO, n-hexane, isopropyl ether 
1:l) yielding product 4.46 (432 mg, 80%) as a white solid. Analytically pure product 
was obtained by crystallization from n-hexane. Mp 137.2-139.5 "C; [a]\ -159.6" (c 
0.228, CH,ClJ; 'H NMR (CDCI, 300 MHz): S 0.73-1.05 (m, 12H), 1.19 (m, lH), 1.35 
(m, 2H), 1.50 (m, lH), 1.61 (m, 2H), 1.74 (m, 2H), 2.04 (m, 4H), 2.32 (dd, J = 8, 15 
Hz, lH), 2.56 (dd, J = 7, 15 Hz, lH), 2.65 (m, lH), 2.72 (m, lH), 2.93 (m, lH), 3.24 
(t, J = 8 Hz., lH), 3.74 (m, lH), 5.28 (d, J = 0.9 Hz, 1H); 13C NMR (CDCI,): S 15.32 
(q), 20.60 (q), 21.88 (q), 22.28 (t), 22.74 (t), 25.09 (d), 26.15 (t), 28.53 (t), 31.01 (d), 
33.91 (t), 37.35 (t), 38.73 (d), 39.55 (t), 40.36 (d), 42.67 (d), 47.37 (d), 50.78 (d), 77.25 
(d), 103.37 (d), 175.34 (s), 210.20 (s); Anal. Calcd for CZ1H3204: C, 72.38; H, 9.26. 
Found C, 72.43; H, 9.31. 
[3R-[3a(IR*,2S*,SR*),3a(u,5aB,9a(u,9b(u]]-Octahydr0-3-[[5-methy1-2-(I-methylethyl)cy~lo- 
~]ary]-~phto[l,2~~n-I,5(3H,4H)-d (w 
Compound 4.49 was prepared in the same way as described for 4.46. After reaction of 
(5R)-5-(1-menthy1oxy)-2(5H)-furanone (4.24) (2.00 g, 8.40 mmol) with 1-(1-trimethyl- 
silyloxy-etheny1)cyclohexene (4.47) (2.48 g, 12.65 mmol), treatment of the crude 
product 4.48 with tetrabutylammonium fluoride (4.00 g, 12.68 mmol) and purification 
by crystallization from n-hexane 4.49 (2.12 g, 70%) was obtained as a white solid. Mp 
134.9-136.9 "C (n-heptane); [(rIz0, -155.8" (c 1.520, CH2C12); 'H NMR (CDCI,, 300 
MHz): 6 0.74-1.06 (m, 12H), 1.15-1.40 (m, 5H), 1.50 (m, lH), 1.63 (m, 2H), 1.74 (m, 
lH), 1.90-2.15 (m, 3H), 2.32 (m + dd, J = 9, 18 Hz, 2H), 2.50 (m, 2H), 2.61 (dd, J = 
8, 18 Hz, lH), 2.78 (m, lH), 3.30 (dd, J = 7, 10 Hz, lH), 3.49 (dt, J = 5, 11 Hz, lH), 
5.32 (d, J = 4.5 Hz, 1H); 13c NMR (CDC13): 6 15.56 (q), 20.75 (q), 21.48 (t), 22.06 
(q), 22.92 (t), 25.24 (t), 25.51 (d), 25.85 (t), 27.25 (t), 31.19 (d), 34.06 (t), 36.87 (d), 
37.75 (t), 39.77 (t), 39.98 (d), 42.82 (d), 47.55 (d), 47.64 (d), 77.64 (d), 104.47 (d), 
174.98 (s), 209.31 (s); HRMS calcd 362.246, found 362.245. 
Crystal structure determination of 4.49 
The single crystal X-ray determination was performed at low temperature (130 K) 
with M o k  radiation (I = 0.71073 A) on a Nonius CAD4F-diffractometer equipped 
with a graphite monochromator and interfaced to a PDP11/23. A suitable crystal of 
the titel compound, having approximate dimensions of 0.40 x 0.25 x 0.20 mm, 
crystallized from petroleum ether 40-60, by slow evaporation of the solvent, in the 
monoclinic space group P2,. The monoclinic cell parameters and volume are: a = 
5.817(2) A b = 11.782(2) A c = 15.034(2) A A = 96.78(1)" and V = 1023.3 A3. For 
Z = 2 and FW = 362.51 the calculated density is 1.176 gem". By using the O - 2 0  
scan mode for 1" 5 0 5 3W, 3109 unique reflections were obtained, a number of 
2740 reflections with I 2 3.b(I) were used in the refinements. 25 Reflections in the 
range 7.6" S 43 5 21.4" were used to define the unit cell parameters. The structure 
was solved by direct methods and based on the absolute configuration of 1-menthol 
part. The position of the H-atoms could be revealed from succeeding Fourier 
difference maps. Block-diagonal least-squares of F, with unit weights, converged to a 
final R = 0.066 and wR = 0.074, respectively, using anisotropic temperature factors 
(B = 4.0 A2) for the H-atoms. In the final refinements the positions of the H-atoms 
were constrained to their corresponding C-atoms at a distance of 0.95 k 
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